A chiral photoswitchable nanoporous material with remote-controllable enantioselective adsorption capacity is presented. This metal-organic framework possesses both homochiral D-camphoric acid and lightresponsive azobenzene moieties. Although the structure at the chiral moieties is unaffected, the trans-cis-azobenzene-photoisomerization changes the pore environment and, thus, switches the enantioselective adsorption behavior of the homochiral MOF.
Chiral structures are a central motif in all biological and many artificial molecules, and their (enantioselective) response is fundamental in medical, pharmaceutical and agricultural chemistry. [1] [2] [3] [4] Directing and switching the chirality are imperative to many chemical processes as well as for controlling the structure and functionality of numerous biological systems and molecular assemblies. [5] [6] [7] [8] In contrast to the chirality control by chemical stimuli, 5, 8 use of light as a stimulus can enable very fast switching over long distances with very high spatial resolution. Thus, dynamic remote control over the chirality by reversible photo-isomerization between different molecular enantiomers presents a major aim in chemistry. Recently, the control over the chirality of metal complexes by unidirectional molecular rotary motors based on overcrowded alkenes has been presented 9 as well as chiral diarylethene compounds with photoswitchable chirality transfer. 10 The control over the enantioselectivity in catalysis by light has also been demonstrated using molecular rotors based on overcrowded alkenes 11 as well as with diarylethene. 12 The chirality of liquid crystals can also be controlled by chiral molecular photoswitches. 13 On the other hand, solid materials with remote-controllable chiral properties or porous materials with switchable enantioselective adsorption or separation properties have not yet been presented.
Metal-organic frameworks, MOFs, are a sub-class of crystalline nanoporous materials, composed of metal nodes connected by organic linker molecules. 14, 15 By using chiral linker molecules, chiral MOFs can be prepared. 16 Due to their large variety and their ability to tune their properties by designing and rationally modifying the components, MOF materials are intensively investigated with the aim of efficient separation of achiral 17 and chiral 18 molecules. MOFs with remote-controllable properties can be prepared by incorporating photoswitchable molecules like azobenzene, 19-22 spiropyran 23, 24 or diarylethene. [25] [26] [27] Photoswitchable MOFs with azobenzene pendant groups 22 have been used to dynamically control the color, 28, 29 adsorption, [30] [31] [32] diffusion and release properties of the guest molecules 33, 34 and the membrane separation performance. 35, 36 Here, a nanoporous material, that is a pillared-layer MOF thin film, is presented which possesses both photoswitchable and chiral properties, Fig. 1 . While the pillar linker, AzoBiPyB (= (E)-2-(phenyldiazenyl)-1,4-bis(4-pyridyl)benzene), possesses photoswitchable azobenzene side groups, the layer linker, D-camphoric acid (DCam), is homochiral. As a result, each pore of the pillaredlayer Cu 2 (DCam) 2 (AzoBiPyB) MOF comprises two chiral centers and one photoswitchable moiety. The MOF synthesis is performed in a controlled layer-by-layer fashion resulting in thin surfacemounted MOF films, referred to as SURMOFs. 37 These thin films enable the homogeneous irradiation of the entire sample, UV-vis and CD transmission spectroscopy as well as loading experiments with a quartz crystal microbalance (QCM). By performing uptake experiments with enantiopure probe molecules, (S)-or (R)-phenylethanol, we show that the nanoporous homochiral azobenzene-MOF thin film can be photoswitched between enantioselective and unselective forms.
The Cu 2 (DCam) 2 (AzoBiPyB) SURMOF is grown in a layer-bylayer (lbl) fashion by alternatively exposing the substrate to both synthesis solutions, ethanolic copper(II) acetate and the ethanolic linker solution of D-camphoric acid and AzoBiPyB. Between each immersion step, the samples were cleaned with pure ethanol. More details on the SURMOF synthesis can be found in previous publications. 37 ,39 X-ray diffractograms, Fig. 2a , show that the sample is crystalline and has the targeted structure. The film is grown in the [001] direction, with the AzoBiPyB SURMOF linker perpendicular to the surface, as pictured in Fig. 1 .
UV-vis spectra, Fig. 2b , show that the absorption band at 320 nm, which is correlated with the azobenzene p-p* transition, decreases upon UV irradiation. The p-p* band increases to its initial value upon irradiation with blue light (455 nm) or by thermal relaxation. The absorption band at 450 nm, correlated with the azobenzene n-p* transition, increases upon UV irradiation and decreases again upon blue light irradiation or thermal relaxation. Comparison with the switching of azobenzene in solution 40 or of the AzoBiPyB linker molecule in solution 41 is a clear indication for UV-light-induced isomerization from the thermodynamically stable trans state to the excited cis state, while blue light as well as thermal relaxation results in cis-to-trans isomerization. This is in agreement with previous investigations of photoswitchable SURMOFs with the AzoBiPyB-linker. 35, 42 The time constant for thermal cis-to-trans isomerization was determined to be about 3 weeks at room temperature and approximately 10 h at 50 1C, 42 which is much longer than the running time of the enantioselective adsorption experiments.
Infrared vibrational spectroscopy, ESI, † Fig. S1 , and comparison with ref. 43 and 44 also verify the trans-cis isomerization. This shows that, upon UV irradiation, the maximum yield of cis azobenzene is approximately 60% (and 40% trans), referred to as the cis state. This value corresponds to the switching yield found in similar MOF structures. 35, 45 The maximum amount of trans azobenzene is 100%, obtained upon thermal relaxation. This is referred to as the trans state.
The chiral properties of the SURMOF are investigated by circular dichroism (CD) spectroscopy, Fig. 2c . The CD spectra are virtually identical to the CD spectra of a similar chiral MOF thin film with identical chiral D-camphoric acid linkers. 46 Moreover, the chiral optical properties of the SURMOF with the azobenzene groups in the trans and in the cis state are essentially identical. Identical CD spectra for trans and cis were expected, since the photoswitchable groups are separated from the chiral D-camphoric acid centers.
The enantiopure uptakes of (S)-and (R)-phenylethanol by the homochiral SURMOF in the trans and cis states recorded with a QCM 47 are shown in Fig. 3 . In the trans-SURMOF, Fig. 3a , the adsorption capacity for (S)-phenylethanol is significantly larger than the adsorption capacity for (R)-phenylethanol. The average of all uptake runs shows that the uptake of (S)-phenylethanol is approximately 2.9 AE 1.1 times as large as the uptake of (R)-phenylethanol. The enantioselective behavior dramatically changes upon UV irradiation of the Cu 2 (DCam) 2 -(AzoBiPyB) SURMOF sample. In the cis state, the adsorption capacities of (S)-and (R)-phenylethanol are very similar and no significant enantioselective behavior was found. On average, the uptake by the cis-SURMOF of (S)-phenylethanol is approximately 1.16 AE 0.10 times the uptake of (R)-phenylethanol. The summary of the enantioselective behavior is shown in Fig. 4 . The theoretical enantiomeric excesses ee of (S)-versus (R)-phenylethanol can be calculated from the enantiopure uptakes, where the interaction between the different enantiomers is neglected, corresponding to the ee at very low concentrations. As a result, Fig. 1 The structure of SURMOF Cu 2 (DCam) 2 (AzoBiPyB) with the azobenzene side groups in the cis state (left) and in the trans state (right). While absorption of UV light results in trans-to-cis isomerization, blue light absorption or thermal relaxation results in the isomerization back to the trans state. The chiral DCam (layer) linkers horizontally connect the Cu node. These layers are pillared by the switchable AzoBiPyB linker. The enantioselective adsorption of chiral molecules, simplified as springs, is sketched. while the ee in the cis state is only 7 AE 4%, the ee in the trans state is 49 AE 15%.
The enantioselectivity switching effect can be understood on a qualitative level. In the trans state, the nonpolar azobenzene moieties have only minor interaction with the alcohol guest molecules, as found in a previous publication. 48 The interaction with other parts of the framework prevails, here with the chiral DCam linker molecules. In agreement with (R)/(S)-(2)-butanol in camphorate-MOFs, 49 we assume the formation of H-bonds and dipole-dipole interactions between the guest's OH-group and the host's carboxylate group in proximity to the chiral MOF centers. This causes the observed large enantioselective adsorption of the nanoporous material. In contrast, the attractive interaction between the polar (cis) azobenzene and the polar guest molecules is significantly increased in the cis SURMOF, based on dipoledipole interaction and the formation of H-bonds. 48, 50 So, the guest binds at the azobenzene moiety and not at the chiral center.
Thus, the enantioselective adsorption properties are minute. The fact that the enantioselective response of the MOF material depends not only on the chiral center but also on the pore environment was previously found, where a significant impact of the pore size on the enantioselective adsorption was demonstrated. 51 It has to be stated that although large efforts have been made, quantum-chemical calculation using both periodic and molecular density functional theory for the simulation of the observed switchable enantioselective adsorption behavior were not successful.
The enantioselective properties of a homochiral nanoporous MOF material significantly depend on the guest-host interaction, which is typically more complex than the simple three-point interaction. 52 Since clear rules for determining the MOF material properties allowing efficient enantioselective separation of a given pair of chiral molecules, or vice versa, have not yet been presented, the research is often done by trial-and-error. It was found that the enantioselective response of a homochiral MOF material significantly depends on the pair of guest molecules. 49, [53] [54] [55] Here, complementary to the experiments with (R)-and (S)-phenylethanol, the enantiopure uptakes of less polar (R)-and (S)-2octanol by the chiral SURMOF were investigated, Fig. S2 (ESI †); where there was no large difference found in both between the enantiomers and between the trans and cis forms of the host SURMOF.
In conclusion, a nanoporous thin film is presented which possesses both photoswitchable azobenzene and chiral camphoric acid moieties in the host framework. Uptake experiments with (S)and (R)-phenylethanol as probe molecules show that the enantioselective adsorption behavior changes tremendously by the azobenzene photoisomerization -although the chiral centers are not modified. While the MOF thin film with azobenzene in the cis state shows only minute enantioselectivity, the MOF with the azobenzene in the trans state shows strong enantioselective behavior.
The switching of the enantioselective interaction can be extended to materials with chiral azobenzene moieties 56, 57 or photoswitches that can be switched between two chiral forms. 9, 11 Moreover, incorporating such photoswitches in MOF materials with even more complex pore structures and different chiral centers is possible, resulting in switching between different complex stereoselective interactions. We foresee that this concept helps realize efficient enantioselective separation via membranes 58,59 that allow dynamic switching between racemic mixture and enantioenriched permeates.
We are grateful to the Volkswagenstiftung and the DFG (HE 7036/5) for financial support. We thank Tobias Schlöder and Wolfgang Wenzel (KIT) for their efforts and attempts to quantum-chemically simulate the observed enantioselective adsorption and for fruitful discussions.
Conflicts of interest
There are no conflicts to declare. 
Notes and references

